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Abstract 
It is demonstrated that it is possible in principle to 
determine the water content in Nylon 6 and PBT (polyester) by 
measuring the dielectric loss tangent at microwave frequen- 
cies (5 GHz). It is found that the low tangent is monotoni- 
cally increasing with the percentage of absorbed water. The 
increase is significant. Depending on the composition of 
the polymer, the change is 105% to 220% of the dry value 
when saturated with water. The function is approximately 
linear on the linear-log-scale. 
The measurements are performed using the resonant method 
in which a microwave resonator is filled with the polymer 
in granular form. The Q-factor is determined with the aid 
of a network analyzer. Only feasibility is established; no 
precise measurements are attempted. 
-1- 
Introduction 
The goal of the present work is to investigate whether the 
water content of nylon and certain related polymers can be 
measured using microwave techniques. 
In the polymer literature, it is found that there is an 
increasing concern about the effect of water content on the 
physical properties of polymeric materials. All properties 
that involve an interplay between the stored and dissipated 
mechanical energy, namely stiffness, toughness, fatigue resis- 
tance as well as electrical properties, are varied substantially 
by the presence of water in a fashion that clearly suggests a 
strong compositional effect. 
We want to find the relationship between loss tangent 
(Tan(e)) and the humidity that is present in polymeric materials. 
If it is possible to establish such a relation, it will then be 
possible to measure the percentage of humidity in the material. 
It can be observed that if the material absorbs different 
levels of moisture, the permitivity (e1) and the loss factor 
(e") of the material vary as does the loss tangent. So, for 
different levels or percentages of moisture content, the 
material will exhibit different values of loss tangent. 
Closely related to e' and e" is the Q-factor of the mater- 
ial. It can be experimentally determined by a resonant method. 
A high Q cavity resonator is used which can be filled with the 
-2- 
polymeric material in granular form. The remaining part of 
this work is dedicated to developing this method. Results of 
measurements on five different kinds of polymeric material will 
be presented. 
/ 
-3- 
CHAPTER 1 
1.0. Resonant Method 
It will be recalled from transmission-line theory that a 
transmission line shorted on both ends exhibits resonant proper- 
ties at frequencies where the length is xl/2 or some multiple 
thereof. 
When shorting plates are placed over the ends of a wave- 
guide section, there will be a dielectric region completely 
surrounded by a conducting surface. This is what is known as 
a resonant cavity. It will have resonant properties very much 
the same as the shorted line. Such a resonant cavity has a 
* 
lot of different possible modes of resonance, in fact, an 
infinite number of them. So, for each different waveguide 
mode which is designated by the mode indices, n, m, there will 
be number I of half-wavelengths which may be fitted in the longi 
tudinal direction between the two end faces. In this way there 
is a triple multiplicity of modes possible: 
1. Varying n 
2. Varying m 
3. Varying I 
In practice, only the lower-order modes are of interest. 
We are particularly interested in cylindrical cavity 
resonators. The cylindrical cavity is a section of a circular 
waveguide of length, d, and radius, a, (see Figure 1-0-1). It 
-4- 
Figure 1-0-1 
Cylindrical Cavity Resonator 
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has shorting plates at both ends. It can be used for measuring 
frequency because of the high Q-factor and wide frequency 
range of operation that it presents. 
The results obtained in the case of circular cylindrical 
cavity involve Bessel and harmonic equations. For instance, 
for the TM01i* mode the electric field in the z direction and 
magnetic field in the 4 direction can be expressed as 
Vi Er = " * ihT 0l<krr> sin(kz2> 
k 2 
Ez = ^¥# cos <kzz> 
Hj> = fc/'Myocos (kzz) 
1.1 Admittance Locus and Q-Factor 
It is.possible to develop an equivalent circuit of a 
magnetically coupled resonator that can be described in terms 
of the resonant frequency (f ) and Q-factor (Q0)   (see 
Figure 1-1-1). These two parameters can be defined as 
fo = rricy 1"1"1 
* 
For further details, see Appendix A. 
* 'Brown, Sharpe, Hughes, Post. Line, Waves, and Antennas. 
2nd ed. Ronald, 1973, p. 280-283. 
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where 
f = Resonant frequency (empty resonator) 
Q = Q-factor (empty resonator) 
L = Equivalent inductance 
C = Equivalent capacitance 
G = Equivalent conductance 
From Figure 1-1-1 it is possible to obtain the input admittance 
using equations 1-1-1 and 1-1-2. 
Yin " W  + i  Q0 ^21) 1-1-3 
Calling 
A = (f - fQ) , 1-1-4 
knowing that 
f2 . fQ2 = (f . fo)(f + fo) 
and assuming that 
f
 
5
 
fo • 
equation 1-1-3b becomes 
The admittance traces out a circle on the Smith chart as the 
frequency isvaried from less than the resonant frequency (f.) 
to greater than the resonant frequency. A Smith chart plot 
-7- 
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X 
Figure 1-1-1 
Equivalent Circuit Model of 
the Cavity Resonator 
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/ 
of the input admittance versus frequency is shown in Figure 
1-1-2. In particular, we consider the following two frequencies: 
f2=-f0-41 ' 1-1-7 
fn and f2 are the frequencies for which the real and imaginary 
part of the admittance are equal. The input admittances at 
these two frequencies are 
Y. (fj = 6(1 + j) 
in
 ' 1-1-8 
Yin(f2) = G(l - j) 
which means that the Q-factor has to be equal to 
%       2A-L 
Observe that it was assumed that the increment and decrement 
is the same quantity (A^. The Q-factor may be written as 
Qo" If, -V + Cfo-^) 
Q0 = j^hr i-T-9 O   T1   T2 
For purposes of measurement technique, it is useful to 
note that the loci of all admittances with real and imaginary 
parts equal, are on the two arcs of circles in Fig. 1-1-2 
around,the points A and B, as indicated. 
-9- 
Compass's 
Opening 
Upper 
Arc 
Lower 
Arc 
Circle of 
Radius One 
A 
Figure 1-1-2 
SMITH Chart plot of the Input 
Admittance vs. Frequency 
1 
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\ 
Going back to equation 1-1-9 one can say that once f , 
f-, and f2 are known, it is possible to calculate the Q-factor 
of the empty resonator as Well as any other Q-factor that any 
^   resonator presents. Equation 1-1-9 was obtained by consider- 
ing that the cavity had air as dielectric. If the cavity 
is filled with any dielectric material other than air, the 
situation changes. 
Let's assume that the cavity is filled with a lossy 
dielectric material whose permitivity is 
v. 
e = e' - je" ^_      1-1-10 
The Q-factor of the lossy dielectric material  (alone) is 
(2) given by 
Qd=^ 1-1-11 
If losses on walls are present, the net Q-factor (Q ) is 
given by (1) 1/Qm = 4 + i ™2 
where 
Q. -  Q-factor of dielectric alone 
Q\ = Q-factor of the empty resonator at the resonant 
frequency of the dielectrically loaded resonators. 
Introducing equation 1-1-11 into 1-1-12, it becomes 
 -  
v
 'R.F. Collin. Foundations for Microwave Engineering, 
McGraw Hill 1966, p. 325. 
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1   1  p" 
<r"rc+r 1-1-13 
The second term to the right is, by definition, what is called 
the Loss Tangent (Tan(e)) of the lossy dielectric material 
Tan(e) = 4- 1-1-14 
e 
So, from equation 1-1-13, the loss tangent can be written as 
Ti„(e).f;. 1 ■ 1 1-1-15 
m  ^d 
Q is the net Q-factor. It can be measured by knowing f!,, the 
central frequency or resonant frequency, f-,. and fnj, the 
frequencies that present equal real and imaginary parts (see 
Figure 1-1-2). Q", is the Q-f actor that the empty resonator 
should have at the frequency fixed by the lossy dielectric 
material. This cannot be measured directly but it can be 
obtained by measuring the Q-factors of the empty resonator, 
Q0, and applying the theoretical relationship 
Q' = Q wd  wo 
\ 
(*) fi . . v ' . i-i-i6 
fl 
Here f\ is the resonant frequency of the filled resonator and 
f the frequency of the empty resonator. So, substituting 
1-1-16 into 1-1-15, we obtain 
* 
See Appendix A and B 
-J2- 
lanW
'i-%k 
One can observe that in equation 1-1-17 all factors on the 
right can be measured. Hence it.is possible to know the loss 
tangent (Tan(e)) of the lossy dielectric material. 
Notice that the value of (L is: sm 
Qm = f !? f» .1-1-18 
  
Tld  T2d 
where f\  is the resonant frequency or the resonator filled with 
the lossy dielectric material, f-j . the frequency for which 
the real and imaginary part of admittance locus are equal, the 
same is true for f£j. 
One should note that the constants e' and e", as measured 
in this way, are not the actual values of the dielectric mater- 
ial, but the values of a material composed of dielectric granules 
and air spaces between them. 
The actual values e\  and e'\  could be determined from: 
d .  F ■ 
ed  F ' 
where F is a filling factor: 
volume of dielectric F 
volume of resonator 
-13- 
Since, in this work, we are not interested in absolute values ^ 
of the dielectric constant, the filling factor is not determined, 
1.2 Design of a Cylindrical Cavity Resonator 
Consider equation A-10 
'Oil  27r,/Pe" v v a 
or ■■■,-■■■-. 
f011=2^< (P01)2 Mf)2)V2 • 1-2-1 
Choosing the length of the resonator to be two times the radius 
of it: 
d = 2a 1-2-2 
Using table A-l to find the value of PQn, we find that: 
PQ1  = 2.405 
and use this in the previous equation: 
fon ■ *sm((2-405)2 + (?)2,1/2 •      1"2"3 
Recalling that 
1 _ c ' ' 
where c = 3 x 10^° cm/sec is the light velocity and e' the 
relative permittivity, we obtain   
-14- 
for the frequency of the TMQ,., mode in the cylindrical cavity. 
In the theoretical approach, we neglect the disturbance 
caused by a small coupling loop and the 1.25 centimeter (cm) 
opening (see Fig. 1-2-1) designed to be able to add the 
dielectric granules. The opening is electrically "closed" by 
attaching a 6 cm long tube which forms a circular waveguide 
well below cutoff frequency. Taking equation 1-2-4 and con- 
sidering that the cylindrical cavity resonator is filled with 
air (e' = 1) 
fon = 13a
715
 (GHz) 1"2-5 
or 
a = 1|^ (cm) 1-2-6 
.011 
If, in our design, the radius is chosen to be a 2.5 cm, the 
frequency is 
fon=]W- GHz 
fQ11 = 5.486 GHz 
This is* the theoretical value. Once the cavity was built, the 
resonant frequency measured was found to be 
■FQI-.measured = 5.5 GHz 
This, indeed, means that the effects of opening and coupling 
are very small. 
-15- 
6 cm 
d = 5.0 cm 
Figure 1-2-1 
Cavity Resonator used in this Work 
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CHAPTER 2 
2.0 Description of the Experimental Setup 
From bandwidths and resonant frequencies, one can deter- 
mine the real and imaginary parts of e. Eq. 1-1-15 gives e'Ve1 
if two different Q-factors are measured. Eq. 1-2-4 gives e' 
from resonant frequency and cavity radius. 
OnTy the loss tangent e"/e' is seriously considered here. 
Modern instrumentation is used to directly display the 
cavity reflection coefficient on the Smith Chart and in this 
way determine the frequencies of the 45° points. 
w
 The setup is diagrammed in Fig. 2-0-1. A microwave gener- 
ator, MG, provides the continuous microwave signal (3.6-8 GHz, 
Hewlett-Packard Mod. 693A) of about 20 mW. The reflection- 
transmission test unit, RT, the Network analyzer, NA, and the 
polar display form the central instrument that provides x,y out- 
puts for display on an x,y plotter, Re, directly on a Smith 
Chart. The units are Hewlett-Packard models 8743A, 841OA and 
8414A. A frequency counter, CT, gives an accurate frequency 
reading. 
2.1 Results 
An example will show how the Q-factor and loss tangent 
can be obtained as a function of frequency and humidity. 
Fig. 2-1-1 shows the admittance locus of the empty resona- 
tor. The following frequencies are counted at the respective 
-17- 
Figure 2-0-1 
Microwave Circuit used in the Measurements 
of Frequency 
-18- - 
Figure 2-1-1 
Admittance locus of the empty resonator 
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points: 
f = 5.5 GHz (point in real axis of SC) 
f] = 5.5014 GHz (point at +45° in SC) 
f2 = 5.49865 GHz (point at -45° in SC) 
' "Y 
After this, the cavity is filled with a dielectric polymeric 
material. The values of frequencies measured are (see 
Figure 2-1.-2) 
f'd = 4.3575 GHz (point in real axis of SC) 
f-jd = 4.3681 GHz (point at +45° in SC) 
f2d = 4-3452 GHz (P°int a"t -45° in- SC). 
From measurements done with the empty resonator, it is possible 
to calculate Q , see Formula 1-1-9. 
Q _  o        5.5 
o  f.,-f2  5.5014 - 5.49865 
Q = 2000 
o 
From measurements done with the cavity filled with the dielec- 
trie polymeric material, we can obtain Q and the loss tangent 
using equation 1-1-17 •^~ 
n _   
fd    _    4.3575 
m  f^d - f2(j  4.3681 - 4.3452 
Qm = 190.28 
^m 
-20- 
->! 
.-:: 0.2 |* 
"easurer.ent 
2    /*, 
Figure 2-1-2 
Admittance locus of-the resonator filled 
with material No. 1 PBT (polyester) 
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and 
1/Qm = 0.00270 ^m 
From equation 1-1-18 
Tan(e) = J- - 
Q
m %^Jf~0 
Tan(e) = 0.00270 -    ] 2000 4.3575 
5,5 
so ' _ 
Tan(e) = 0.00469 
The value of the loss tangent in this example is obtained for 
0.2 percentage of humidity in the material. So, the value 
0.2% of humidity, Tan(e) is a point in the curve loss 
tangent versus %  of moisutre. From them, one can deduce that 
there'is a strong dependence of the loss tangent with respect 
to the humidity or water content of the polymeric material. 
For each of the five plastic materials, a table of measured 
values is presented (Tables 2-1 to 2-5). At every value of 
humidity, the center frequency, fj, the 45° frequencies, f and 
f^s the corresponding Q-factor, Qm, the ratio of center fre- 
quency to resonant frequency of the empty cavity and the loss 
tangent are plotted. 
The graphs 2-1 to 2-5 present the loss tangents as func- 
tions of humidity. One notices that there are significant 
-22- 
differences in the degree at which the loss tangent increases 
with humidity. Graph 2-4 shows the smallest change of 105.37% 
over the entire range of humidity (zero to saturation). Graph 2-1 
shows the largest increase of about 220%. 
-23- 
%w fd f Tld T2d ^m ' Tan (e) h/fo 
.0 4.373 4.383 . 4.3629 217.56 .8921 .00403 
.20 4.3575 4.3681 4.3452 190.28 .8900 .00469 
.373 4.3461 4.3578 4.3347 188.14 .8889 .00475 
1.034 4.2292 4.2503 4.2017 87.02 .8768 .0109 
1.54 4.1916 4.2192 4.1627 74.18 .8729 .0129 
1
" 
TABLE 2-1 Material No.  1 
PBT (polyester), 30% fiberglass, < 1% lubricant, 
- Vlo Mg-AI-Sulfo-silicate, 
~ Vlo Phthallocyanide Blue. 
-24- 
/ 
%w fd fld T2d \ \f*'f° Tan(e) 
.0 4.2428 4.2604 4.2247 118.84 .8783 .00784 . 
.46 4.236 4.2592 4.2132 92.28 .8776 .01027 
.725 4.2341 4.2542 4.2101 85.01 .8773 .0111 
1.18 4.2142 4.2457 4.1895 74.98 .8753 .0127 
1.56 4.2135 4.2608 '4.1662 44.54 .8752 .0218 
- -. 
TABLE'2-2 Material No.i 2 
Nylon 6, 33% fiberglass, < 1% Cu stabilizer 
< 1% lubricants, 1.-2% of Cadmium Oxide. 
-25-' 
■ ' ■ 
%w 
.   
fd Tld T2d % 
1 
Jfd/fo Tan(e) 
.0 4.3142 4.3288 4.2999 149.28 .8856 
i 
.00613 
.185 4.2837 4.3004 4.2664 125.99 .8825 
I 
| 
.00737 
.27 4.3195 4.3377 4.3008 117.06 .8862 .00798* 
.75 4.2486 4.2749 4.2232 82.17 .8789 .0116 
1.04 4.2422 4.2732 4.2178 76.57 .8782 .0126 
1.26 4.2436 4.2795 4.2055 57.34' .87838 .0169 
* 
: 
TABLE 2-3 Material No. 3 
Nylon 6, 33% fiberglass, < 1% Cu stabilizer 
-2.6- 
%H fd fid f2d Qm    1 .  Tan(e) - i d o 
.0 4.0442 4.065 4.025 101.1 .8575 .0093 
.19 4.0428 4.064 4.0223 99.33 .8573 .00948 
.38 4.0267 4.0530 4.0009 77.28 .8556 .0123 
.75 4.0824 4.1096 4.0460 64.18 .8615 .015 
.95 4.0284 4.0735 3.9940 50.67 .8558 .0191 
TABLE 2-4 Material No. 4 
Nylon 6, < 1% Cu-Stabilizer plus lubricants, 
-27- 
%w Td      / fld T2d Qm m Tan(e) Jfd/fo 
.0 4.0178 4.039 3.9982 98.47 
1 
.8546 .00957 
.15 4.012 4.0358 3.9885 84.82 .8540 .0112 
.26 3.9993 4.0201 3.9687 76.32 .8527 .0122 
.48 
i 
4.0034 4.0348 3.9745 66.39 .8531 .0144 
.70 3.9610 3.996 3.9280 58.25 .8486 
i 
.0166        1 
1.0 3.9535 3.9940 3.9205 53.789 .8478 .018 
1.42 3.9292 3.9770 3.8894 44.85 .84152 .0217 
TABLE 2-5 Material No. 5 
Nylon 6, < 1% Cu stabilizer plus lubricants but 
more than material No. 4. 
-28- 
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OJO .2 .6    8        1^0      1—2-     1T4      1.6 $ H 
Material No.  1 Graph 2-1 
PBT(polyester), 30% fiberglass, < 1% lubricant, 
~ U Mg-Al-Sulfo-Silicate, ~ '\% Phthallocyanide Blue. 
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Graph 2-2 
_
.8        1.0      1.2      1.4      1.6 <p H 
Material No. 2 
Nylon 6, 33% fiberglass, < 1% Cu stabilizer, 
< Vlo lubricant, 1-2% of Cadmium Oxide. 
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Graph 2-3 
1.01.2      1.4 % H 
•Material No. 3 
Nylon 6, 33% fiberglass, < 1% Cu stabilizer, 
<' 1% lubricant. 
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Graph 2-4 Material No. 4 
Nylon 6, < 1% Cu-based stabilizer plus lubricants. 
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• 6        .8       1.0      1.2     1.4     1.6 fH 
Material No. 5 - 
Same as material No. 4 but slightly more stabilizer 
and lubricant.   / 
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CHAPTER 3 
-3.0 Effect of Temperature _V 
Since all previous measurements were done at a relatively 
constant room temperature,' it is important to investigate 
temperature dependence of e*l7e' at least in one case. The 
experimental procedure is as follows: 
1. The cavity resonator is modified by adding a container 
• around it. ,0f course, this modification,does not affect 
. the internal properties of the cavity resonator. 
2. The container is covered with thermal insulation. 
3. After this, the space between the container and cavity^ 
resonator is filled with mineral oil. A thermostatically 
controlled heater is inserted. 
4. An agitator is used to make sure that the temperature is 
the same everywhere, 
5. -We proceed to fill the cavity resonator with the polymeric 
material. The level or percentage of humidity into this 
material is zero (0.0% of humidity). 
Once all preliminary steps are done, we proceed with 
the experiment (see Figure 3-0-1) as before. It was assumed 
that stable temperature was reached inside the resonator-after 
1/2 hour. 
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Figure 3-0-1 
C 
Modification made to the Cylindrical. Cavity Resonator 
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V. 
3.1 Results 
The data are presented in Table 3-1 in a manner similar 
to the previous results in Tables 2-1 to 2-5. 
From graph 3-1 the temperature coefficient of the loss 
tangent of Material No. 1 (PBT) can be determined. It is 
0.8-10" (°C)~ . At room temperature the loss tangent 
increases at the significant rate of 2.95% per °C. 
This means that temperature control in loss tangent 
measurements is essential. 
Vo 
-36- 
J 
T(°C) fd - fld  " f T2d Tan(e) l/fd/fo 
21.6 4;36T0 4.3668 4.3557 369.57" -\$904 .00214 
26.0 4.3600 4.3685 4.3508 246.32 .8903 .00350 
36.0 4.3623 4.3714 '4.3531 238.37 .89029 .00363 
40.0 "4.3587 4.3685 4.3486 219.03 .8902 .00400 
45.0 4.3569 4.3674 4.3462 205.51 .8900 .00430 
50.0 4.3553 4.3663 4.3439 194.43 .8898 .00458 
55.0 4.3526 4.3642 4.3412 189.24 .8895 .00472 y 
60.0 4.3506 4.3630 4.3379 173.33 .8894 .00520 
65.0 4.3505- 4.3636 4.3370 163.55 .8894 .00555 
75.0 4.3430 4:3610 4.3260 124.08 .8886 .00749 
85.0 4.3422 4.3602 
■ 
4.3244 121.29 
_________ 
.8885 .00768 
TABLE 3-1 Material No. 1 PBT (polyester) 
Loss tangent as a function of temperature. 
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CONCLUSIONS 
1. The loss tangent changes significantly with humidity 
in all investigated materials. 
- } 
2. These changes can be detected with the resonant cavity 
method. 
3. Variations of loss tangent with respect to temperature 
are strong. Accurate temperature control in loss tangent 
measurements is required. 
■39- 
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APPENDIX A 
Field and Q-factor Theory of 
TMQ-J-J Mode 
f 
1)  Fields and Resonant Frequency 
The fields of TM modes with respect to z can be written 
as (1) 
a. u    - 1  cty nr ~ r 9cf> 
b. H    = - ■&- 
<j)         9r 
c. H    = 0 
d. E  =^L_i!i. 
r     Jwe 9r9z 
e; E--L-^ >  jwe 9<£9Z 
f
- 
E
z
=3^("^2r+u2ye)* 
A-l 
g.  kr2 + kz2 = kQ2 = w2ye 
The variable $  is in the form of a product solution: 
4 = R(r.)F(*)Z(z) A-2 
R(r) must be a solution of Bessel's differential equation. 
Z(z) must be a solution of the harmonic differential equation, 
Try R.F. Harrington.    Time Harmonic Electromagnetic Fields. 
McGraw-Hill,  1961, p. 130. 
-41- 
The same is true for F(cf>), however, since our mode of interest 
(TMQ-|.) is of rotational symmetry, we choose F(<j>) = 1. 
a. R(r) = JQ(krr) 
b. F(<j>) = 1 A-3 
c. Z(z) = cos(k z) 
Substituting equations A-3 into A-2 
* 
=
 
Jo(.krr^cos^kzz) • • '"       ■ A"4 
Substituting A-4 into A-l, and performing the derivatives: 
a.    H   = 0 
r 
b.    H^ = kr J^lyOcosC^z) 
c. H    = 0 
k    k A"5 
d. E^ = -C—^-sin(k7z)J,(k r) r       jcoe z '■  \v r 
e. E,  = 0       ' 
♦ ', ■ ■ 
k 2 
f. E7 = j -2- J (kr)cos(k z) z coe    o   r '      N z ' 
From boundary conditions it is possible to determine the eigen^ 
values k and k£. 
In order for the cavity to be a multiple of half wave length 
i. 
kzd = £TT 
-42- 
I  is an integer that represents the number of half wave 
length (see Figure~A-l). 
In our case, £=1 and 
k d = -rr . . . 
z A-6 
k = - K
z - d * ' * • N . 
K is determined as follows. The boundary condition requires 
that E = 0 at r = a. This means 
' J0(kra) =0 . 
\     Figure A-2 shows a plot of some of Bessel's functions. • In ' 
general, it is possible to define a new variable, P , which 
means the mth root of the nth order of the Bessel's function. 
In our case, n=0 and m=l. We take the first root of the zero 
order Bessel function (see table A-l). We can define k as 
— or 
kr = P01/a A-7 
Going back to equation A-lg which is the eigenvalue equation: 
k02-^c- (^-)2 + (J)2 -        A-8 
■43- 
•e 
 H 
a 
d = I  A/2 
. a   r 
Figure A-l 
Electric and Magnetic field 
in TM 01 
/ 
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\ 
-.4-- 
A (Pi ml        
A (Pirn ) 
Roots" 
Figure A-2 
^ ■■  * 
First three orders of the Bessel 
function and their corresponding roots, 
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n 
1st Root 
P
nl 
2nd Root 
P
n2 
3rd Root 
n3 
0 2.405 5.52 8.654 
1 3.832 7.016 10.174 
2 5.135 8.417 11.620 
Table A-l 
Root of the Bessel Function for TMnm Modes 
-46- 
from this we obtain the resonant frequency: 
I     r/P0K2   .    ,7M2- W-7feK-r> +@] A-9 
or 
2)  Q-factor of TMmi Mode. 
The" Q-f actor'of any resonant circuit is defined as: 
■ Q = u ■£- A-11 
or 
n -   energy stored 
^ " 
w
 average power loss 
In calculating the Q-factor, three useful formulas will be 
(2) ' 
neededv ' -   . 
V2 m'2 a. v R/ (cv)dv = \ CR; (cv) + (1 - J^T Rn2(cv)] 
b. RQ(cv) = -R-,(cv) A-12 
c. R](cv) = R0(cv) -—R-iCcv) 
It is important to note that the stored energy can be obtained 
from the magnetic field alone if this is taken at a time whelre* 
the electric field is zero. N 
-np,  
v
 
;Ramo, Whinnery. Fields and Waves in Modern Radio 
2nd ed., Wiley, 1953, p. 166-167. 
-47- 
The total stored energy is 
a d 
U = }y H.l2 2ur dz dr A-13 
o o 
substituting equation A-5b into A-13 
1 
4 U = iy   2tfk 
2 r J-,2(k r)cos2(k z)dz dr A-14 
Recalling that J (k a) = 0 at resonance, k = ir/d, and using 
equations A-12 a",c 
U = **\ d a2 J^d^a) A-15 
y 
In order to find P, (power loss), we consider the walls of 
the cavity to be imperfect conductors and, hence, lossy. 
PL = PLr + PLz A-16 
P. is power loss in the cylindrical wall. P, is power loss 
in the top and bottom of the cavity. 
-48- 
RS    !      ,       ,2 
'Lz 
=
 fJ     lH*l  2"adz 
0 
d 
Rs      , 
\z - 2*a T kr2 J.,
2(kra)cos2(kzz)dz 
iraRskr2d 
PLz=-T^Jl2(kra) A-17 
a. 
PLr'=2,Rs Hj2rdr 
PLr ■" 2^Rskr2 J-.
2(k r)cos2(kz d)rdr 
Notice that cos2(k d) = 1 
PLr - 2,Rskr* ^J-|2(krr)dr 
r J^C^rJdr = \- J^Ck a) 
Finally, 
PLr --irRs kr2 a2 J-,2(kra)  ... A-18 
Substituting equation A-17 and A-18 into A-16 
iraR k 2d 
PL = "W a2 V(kra) + '   J r     Jl2(kra) 
-49- 
taking common terms 
PL'= *Rskr2a J-,2(kra)(a' + d/2) A-19 
Once we have P. and U, it is possible to write down the expres- 
sion for the Q-factor. 
yda 
Q
 
=
 
w
 Rs(a+d/2) 
Q
 
=
 
w
 8Rs?a+d/2) A~20 
We can reduce this formula by using the relation 
2  Rs  =' 6 y  ID 
where 
Rs = S<w       and     6 = /T" 
2.o \iwc 
So, equation A-20 becomes 
Q
 
=
 6L1/2 + a/dj '       Aw21 
or 
9 = 45L1/2 + a/d] A"22 
-50- 
If we substitute the skin depth by its value, 
"
Q
-
=
 4LV2% a/dj V^T 
Q
 
=
 4L1/2 I  a/dj ^ *        A"23 
one can write a general equation for A-23 
where 
Q = K/f   ' '. A-24 '        N 
K
 " 4L1/2 + a/dj /ya .       A"25 
Equation A-24-shows the direct dependence of the Q-factor* 
on frequency. 
>> 
-51- 
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APPENDIX B 
Ratio Between Q. and Q'. 
The formula of Q-factor for TMQ-I-, mode cylindrical 
cavity resonator can be found in Appendix A in equation A-24, 
0 
Q=,.K/f 
where - 
*&■ - 
v _        a/if    r— K
 " 4L1/2 + a/dj /yCT 
Knowing that a = 2.5 cm (see Section 1-2), and IT = 3.141621, 
the constant K is 
1/2 
K = 0.01108 ^ (H - mHQS) 
where the units of permiti.vity (y) and conductivity (a) 
are ■ 
y ... Henrrys/meter 
a ...  mhos/meter . . 
There are three considerations: 
1. The resonant frequency of the empty cavity resonator is 
f '. At this frequency Q is measured. 
2. The resonant frequency of the resonator with dielectric 
material is f\.    At this frequency Q\ is measured. 
3. The conductivity is the same in both cases. This means 
that the constant (K) is the same for both situations. 
-52- 
Taking the three considerations, one can write: 
^o o 
QJ-K/FJ 
B-l 
B-2 
We want the ratio of B-l and B-2. So: 
or 
V 
V 
B-3 
Q'd = X«S B-4 
-53- 
APPENDIX C 
Preparation of Samples with Known Water Content 
In order to carry out the described measurements, it is . 
necessary to prepare samples with known water content. There 
are several methods of'moisture conditioning. One of the most 
popular is treatment with a solution of Potassium Acetate in 
water'1'; this method requires a heated sealed vessel and a 
reflux condenser. Another method is simply boiling in water; 
this method is the easiest to set up.       .  
In this research, the second method was applied. The 
following steps were taken: .   "    ' . 
1. Dry the material. This will be a point in the curve loss 
tangent vs. humidity. In order to know which is the dry 
point, it is necessary to find the curve of losing weight 
vs. time. When the weight becomes constant, there is no 
wateruin the material any more (see Figure C-l). Drying 
was accomplished in vacuum at a temperature of 1.00° C. . 
2. After the dry point is found, one proceeds to moisten the 
material. There'are two procedures to do this: 
A. One can'find the curve of weight Is., time. Using 
this curve as a reference, it is possible to pro- 
duce a specific level of water content only by 
^Dupont. Design Handbook, Dupont, 1980, p. 66, 73, 74. 
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w. 
w 
W. 
Ww- weight of material 
with water content 
Wj - weight of dry material 
Figure C-l 
Typical Curve of Drying Material 
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controlling the time of boiling (see Figure 
C-2). 
B.  One can boil or dry the material for limited 
amounts of time and every  time determine the 
water content by weighing. 
The second method seems to be more accurate and was used in 
our measurements. 
-56- 
ws 
weight of dry 
material 
weight at saturation 
of water 
Figure C-2 
Typical Curve of Moistening Material 
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